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REMOTE ATMOSPHERIC WIND SPEED MEASUREMENTS BY

INDIVIDUAL PARTICLE SCATTERING AND DIGITAL BURST CORRELATION

C. Y. She and Richard F. Kellay
Department of Physics

Colorado State Univeraity
Fort Colline, CO 80523

Summax

We have demonstrated that stmospheric wind speede can indeed be
measured with photon buvata scattered from single dust particles. If
photon counting electronics and clipped digital correlatlon are used for
signal analysis, an unamb. guous spesad measurement can be made with a
detected signal as low as tan counta under practical conditions, i.e., in
the presence of noisa.

A microprocessor is used to run the LTV measurements automatically,
and to analyze and compare data from both LTV and a conventional cup
anemometer, Satigfactory agreement between the LTV and the cup anemometer
were obtained. The potential of the LIV with its high speed data acqui-
sition and its short measurement time has been thoroughly demonstrated. In
the field test of this automated LTV system, we have conducted speed meas~
urements with both natural uerosuls and with secding of water droplets from
4 humidifier., 7To our satisfaction, we obtained better performance without

seeding.
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In short, with the research of this project, we have demonstrated
beyond doubt the principle of single~particle scattering for remote speed

measuraments and also tha practical uses of LTV under realistic field

conditions.
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I. Introduction

Preliminary investigations of wind speed measurements at Colorado
State University using a crossed dual beam laser Doppler velocimetetl
(LDV) and a new parallel dual beam laser time-of-flight velocime:erz
(LTV), both in a single-ended errangement, have yielded encouraging
results, Field measurements of wind aspeed under natural aerosol con=-
ditions up to a range of 60 m with 0,35 W laser power using a LDV and to
a range of 100 m with 0.20 W laser power using a LTV, have been suc~
cessfully carried out at night. The valocity sigual, under either
arrangement, is analyzed by a clipped digital correlator. A simple
method for measuring the ovaerall aerosol concentration using the same
apparatus has been initiated and an expression for the signal arrival
rate, which is, in our opinion, a useful figure of merit for these types
of velocimetcors, has been derived.3

The fact that 1t is possible to make an unambiguous velocity
measuremant with photon burets scattered from a singla dust particle is
by no means widely recognized. The concept of single particle scat-
tering and burst correlation is further studied and substantiated in
this report, both theoretically and experimentally.

With the concept of individual particle scattering firmly estab-
lished, the feasibility of practical applications using single-particle
correlation for remote wind ampeed measurements ie demonatrated., A
microprocessor is used to control and operate the experiment. Data from
the single-particle correlation for wind apeced determination and that
from a cup anemometer are analyzed by the microprocessor in real-time.

The operation of this automated syatem both in the luboratory and
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in the field is described. Preliminary performance has been quite
satiafactory.

Attempts to measure the effect of atmospheric turbulence on the
propagation of focussed laser beams is also described in this report.

A method using a diode array té probe turbulence effect in a short time
scale (on the order of milliseconds) 1s suggested.

The organization of this report is as followa. The concept of
single-particle scattering snd the methoed of burst correlation are
described in Section IQ; About half of the significent results in this
section have already baen publiahed“ for which a reprint of the pub-
l1iehed article is included in the Appendix without further explanation.
Only new data and interpretations of single-particle scattering and
their asssociated photon bursts are described in the main text of this
report, The automated operation and data acquisition along with the
tests of its operation in the field are described in Section III. A
brief discussion on a new concept for probing atmospheric turbulence is
given in Section IV, Saction V summarizes the reasearch achievements

carried out in the duration of this project.
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11. 1Individuanl Particle Scattering and Detection Sensitivity

Both laser tachniques (LDV and LIV) for wind speed measurements
make use of two laser beams which eet up a predetermined spatial pattern
in the reglon of interest. This pattern consists of a sat of parallel
interference fringes in the case of LDV and it simply consists of twao
intense spots in the case of LTV, As a particle traverses across this
region of interest, an image of the pattern is recorded in real-time,
The speed of the traversing particle is then measured by the ratio (of
the scale) of this pattern in space to its recorded imagz in time.

It should be obvious that the vieibility of the recorded image
pattarn (in time) plays an important part in the signal-to~noise of a
measurement. When many randomly spaced particles traverse the viewing
volume together (aven with the same velocity), the visibility of the
detected image pattern is very much reduced as compared to that of the
original pattern set up by the laser beams in space. For this reason,
a speed measurement should be made with light scattering from a single
dust particle Lf it is at all possible. This somewhat surprising stipu-
lation, which is not yet widely appreclated, suggests that a sensitive
technique is required to detect weak photon opursts scattered from a
single dust particle and that seeding may even produce adverse effects
in atmospheric wind measurements.

In the published article (in Appendix), theory of single-particle
scattering was compared to that of multiple-particle scattering. The
vieibility of the detected image patterns due to single-particle scat-
tering and multiple-particle acattering has been investigated and the
results substantiated our expectations, By using various preset time

intervals for speed measurements and monitorinz the corresponding
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frequency of successes, it was established that the signal is indeed the

result of single particles and that the time for obtaining a single-
burst correlation is very small, typically a few milliseconds.

In terms of detection sensitivity, it was estimated that a 2 um-
diameter dust particle scattered from a 0.1 W laser beam at a distance
of 20 m away, could, during its transit, yleld 200 detected photon
counts.4 The fact that this is enough for a speed measurement is
evident because Fig. 7 of the publighed articleh shows correlation
functions with total signal photon counts ranging from 40 to 800.
However, the question of minimal detectable signal level was not die-
cussed, The availability of signal particles in the atmosphere, each of
which can scatter enough photons for an unambiguous spsed measurement,
and the manner in which the detection process discriminates against
smaller particles, which are too many to be useful for single-particle
scattering, have not been elaborated. These points will now be dis-
cussed. Instead of using LDV data operated manually as in the published
article, automated LTV data from experiments in the laboratory will be

used to support the discussion.

Total sipnal counts

The correlation functlon of the scattered photon bursets, R(T1),
when analyzed, gives not just the speed of the traversing particle.
The measured single-clip correlation counts for 1 = 0 actually gives
the total counts (at least approximately) of the detected photon bursts
due to an individual particle. To see thie, we recall that the digitasl
correlation function of the detected photon bursts may be expressed as
N

R(t) = R(jAat) = L a(i)n(i-))
i=]




R
4

where n(i) is the number of phctons in the i-th interval and At is the

time per correlation channel. N is the total number of samples uged to

LN
pia

evaluate the correlation function. For single-clipped correlation.s
n(i) = 1 1f it exceeds a preset level, and n(i{) = 0 otherwise. During

the presence of the photon bursts scattered from a signal particle, we

A_ﬂv";rm"w‘p«: o g g i

expect the photon counts n(i-j) to exceed the preset clipping iavel. In

the absence of noise, the clipped correlation at v = 0, or § = 0 would

be, at least approximately, f

N
R(0) = ¥ n(i)
i=]1

-t
e e e -

which is just the total number of signal counts. Therefore, the counts

of the detected photon burste, equal to R(0) minus the noise background,

o Tedediad ddwd e A dral o e el
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can be read directly from the correlation function at T = 0,

Minimal detectable signal level :

' In order to answer this question of minimal detectable signal, many

LTV speed measurements under ideantical conditions (except for the uni-

g
|
"
5

formity of aerosol sizes which can not be controlled or pre-determined
prior to an experiment) were made in the laboratory. The LTV experiment
was set yp in a small room and baffles were used to minimize the stray

light. The experimental parameters were: P = laser power in the

sensing volume = 85 mW, A = detection solid angle = 10-5 sr, and r =

F : range * 1 m. The flow was produced by a fan which gives a speed of
approximately 4.5 m/sec in the sensing volume. The beum diameter was 1
mm and beam separation 2 mm. The clipping level was set at clip 1 and
the sample time used was 20 psec/channel. The measurement time was

3 preset at 2 sec. or 105 samples.
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Three selected correlation functions are shown in Fig. 1. Figure

st

1(a) corresponds to a particle just big enough for a speed measurement.

Dl S oot 5 SIET® YR TR

Although the signal-to-noise is not great, two humps are clearly dis-

cernable. The total signal counts is seen to be less than 10 counts.

W 5
.

Figure 1(b) represents background noise which has been somewhat reduced

Ea

E by the preset clipping level. And Fig. 1(c) depicts a beautiful cor-
%Fl relation function from which particle speed can be detrrmined accur-

E} ately. Even for this high level of aignal-to-noise, only 150 signal

531 counts are needed. The data for the correlation functions in Fig. 1 are

also tabulated. This is given in Table 1. There are four numbers in

o

the first row; they give respectively the total photon counts of the

Ty

experiment (signal counts plus noise counts), clipped counts, 0, and }
total numbar of samples for the experiment, The remaining 48 numbers
are the correlation counts for 1 to 48 delay channels, Notice the total

signal plus nolse ccunts are nearly the same for all three casea while

o i

the total signal counts are quite different. This suggests that the
single-particle signal bursts occur during a very short time, about 4 x
10““ sec. in these cases., The clipped count, on the other hand, gives a
fairly good idea of the signal bursts.

In the absence of noise, a photon burst of two counts, one scat-
tered from each beam, is in principle enough for a speed measurement.

However, even with clipping, some nolse is present; ten signal counts

is seen to be enough [or a speed measurement in practice. The sensitivity
of burst correlation is clearly demonstrated. As a side point, we point
out that the second peak in Fig. 1(c¢) is seen to be taller than half of
- the flrst peok. Some reflection will show that this is due to the dis-

tortion caused by the process of c¢lipping. Although the shape of the

e aame < . . ) ) L i‘
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FEARED AL R Rt Sl 5. % LS G5 TR D 132 ke MR TR




T

& Ll SRR . e et s e e e e oW HANTERTUREY T L.

PR

(e B Selis R Sttt - SO

Y ey, . -

Table 1. Three Selected Correlation Functions of LTV Measursments

-;; Channel
o Marker Correlation Counts

- 1308 14 0 100000

A& 01 76 3 0 6 0 o 0 0 0

1 11 0 0 0 0 0o 0 1 1 1 3

o 21 4 4 4 2 1 0 1 0 0 0

. 31 0 1 0 1 6 0 o0 1 1 1

L 41 1 0 0 1 0o 0 1 0

i' : 1366 10 0 100000

o~ )

SRE o1 1 1 1 0 1 0 0 o 1 0

. 11 0 0 0 0 0o 0 0 0 0 ¢

= 21 0 0 0 0 0o a 0 0 1 0

- 31 0 0 0 0 0o o 0 1 0 0

. 41 0 0 0 0 0o 0 0 o

; 1

£ ' 1544 33 0 100000

b 01 145 133 102 76 48 32 13 7 5 2

4 11 4 4 11 23 47 66 B5 95 102 104

i 21 103 102 94 82 S8 40 22 10 3 1
31 0 1 0 0 o 0 0 0 0 0
41 0 0 0 0 0O 1 0 ©

R TN
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correlation function may be distor ed this way, neither the separation
between two peaks nor the measured speed will be altered by the clipping

process.

Probability distribution of signal particles

Natural aerosols come in different sizes. To the first approximation,
they may be described by a Junge distribution. There are many small
particles in the sensing volume at any inatant. Together these particles
scatter nearly & constant amount of light and give rise to a Poisson
distribution in detected photon counts. A emall fraction of larger
particles (called signal particles) can yield photon bursts depending on
their sizes, The distribution uf these signal particles (Junge as
opposaed to Poisson) may be determinud from the measured distribution of
photo~buret counts. Therafore, the davintign from Poisson distribution
in the measuraed count probability distribution reveals the presence and
the nature of signal particles. The basis of this concept for deter-
mining the distribution of signal particles has baen investigated
befor¢3 and it has been recently applied to the detection of fluores-
cencae bursts from singla atoms.6

To demonstrate the usefulness of this concept for burst correlation
and speed measurements, we measured the probability density of photo-
counts in a preset time interval wich one laser beam blocked. The tima
interval is chosen to be long enough to permit the detection of all
counts from a single particle when it traverses the sensing volume. For
the same flow condition as used in the speed measurements, we set the
time interval to be 1 msec. The desired probability distribution can be

determined with the same digital correlator operating in the probability
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density mode. For convenience, we took 106 bursts for each measured

————

distribution of photon counts.

! For the purpose of comparison, we first measured the count dis-

SEEET Sk v sl

™,
iy

tribution of bursts scattered from a blackened cardboard paper and the

~

result is shown in Fig. U, Notice, as sxpected, the outstanding agree-

TR

ment batween the measured dietribution and the calculated Poisson dis-
tribution with the same mean counts/sample n. The count probability

distribution for photon bursts from natural aerosol indoors is shown in

b
?-‘ Fig. 3. The apparent deviation from the calculated Poisson distribution

611 with the same mean counts/sample, is evident. The presence of larger i
! 3
%“- signal particles which yleld detected burst counts ranging from é to

¥. 3

over 50 is clearly shown. It should be pointed out that although the

e

largest burst shown in Fig. 3 registers 47 counts, this is limited by

B

the available channels in our corraelator storage memory, not by the lack
of even larger particles in the aerosol. The gradual tailing off of the i

distribution in Fig, 3 indicates the availability of larger particles

T IR T T e
el

with very small probability. Although the power in the sensing volume

i

here is somewhat different from the power used for specd meagurements
resulting in data shown in Fig. 1 (we used 152 mW here rather than 85
nW), the range of the total signal counta is certainly in good agreement

in both cases.
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II1, Automated LTV Measurements snd Field Testsa

To demonstrate the practical feasibility of wind speed measurements
with a LTV, we assembled an automated system for oparation., A micro-
processor is used to control the digital correlator and analyce tha date
from both the correlator and a conventional cup annemometer. The pro-
cedure for automatic data acquisition and tha raesults of the field tests
both with a seeded flow and under the conditions of natural aerosols and

natural flows ars reportad below.

Automatic data acquisition

During the development phase of & program, manual data collection
and analysis is acceptable. For ongoing data collection a method must
be employed to reduce the amount of time spent in routine data col-
lection and analysis. This may be accomplished by the computer, and
today by the microprocessor.

In this project, the data collected from each experimental run of

the digital correlator was stored in the microprocessor. This data
consisted of total number of counts, total number of clipped counts,
zero, total number of samples, and the 48 correlation function data
channels. Analysis consisted of determining time-of-flight and speed.
The wind spaed and direction from the conventional cup anenometer was
collected and atored in the microprocessor for comparison to the wind
speed measured by the correlator. The microproceasor program input to
the microprocessor was accomplishad through the paper tape readar on the
teletyps.

The microprocessor employed in this research is the MCS56502 based
JOLT syetem built by Microcomputer Assoclates, now part of Synertek, It

has a atandard 8 bit data bus and 16 bit address bus. The ayatem has
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12 K bytes of random accesa memory (RAM), whiclh 1s expandable to 64 K
bytes, four input-output (1/0) devices, which gives 8 I/0 ports, and
teletype interfacing via voltage or current loop. Tiue resident control
program, DEMON, is stored in read only memory (ROM). An assembler
routine is stored in programmable read only memory (PROM).

The hardware interface between the microprocessor and the Malvarn
K7023 digital correlator 1s relatively simple, since both are TTL com=~
patibla. This allows wiring I/0 ports of the microprocessor directly to
the control port and calculator (data and status) port of the correlator.

The softwars interface is not so simple. It should be mentioned
that the microprocessor hardware and software are not independent., Full
understanding of the microprocessor software should be obtained before
attempting hardware interface to the microprocessor.

The software is the microprocessor program made up of machine
ingtructions encoded in a hexadecimal format, 1In thils research, the

microprocessor program was written to collect correlator and cup ane-

mometer raw data, analyze the correlator data to obtain the wind apeed
and print the results in a suitable format, After initially entering
the program through the teletype keyboard, the program was written onto
paper tape for subsequent entry into the microprocessor via the paper
tape reader.

The microprocessor program is composed of the following routines:
initialization, data transfer from correlator to microprocessor, data
averaging, time-of-flight determination, correclator speed calculation, :
and printout.

The initialization routine sets up the 1/0 ports as elther input or

output, loads working registers (memory locations) with infitial values,
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resets and etarts the cup anemometer, and stops, rese:#, and starts the
corralator.

The data transfer Toutine waits for the correlator to stop the
experimental run. After the correlator ia stopped, the routine stops
and starts the data readout from the correlator. The routine stores
aach channel of data into memory, upon receipt of the appropriate ready
signal from the correlator.

The data averaging routine takes the average of the data in channels
X-1, X, X+1, and stores tlls average in channel X, The raw data is
preserved.

The routina for time-of~flight determination counts thg nunber of
cuannals to the second peak of the correlation function, It sccom-
plishas this by looking for at least five increases in counts from ona
channal to the next, It then stops when a decrease in counts occurs.
After determining the number of channels to the second peak, the routine
multipliee this number by the time per channel (sample) to obtain the
time-of=flight of the particle(s).

The velocity calculation routine divides the bLeam separation dis-
tance by the time-of-flight to obtain the correlator wind speed. The
program continues reading experimental dats from the correlator and
reads the cup anemometer wind speed and direction for an appropriate
number of correlator experimental runs until the number of rune is
completed, or until memory is full,

The printouf routine transfers to the teletype for printout:
number of timis zero clip counts, number of times no correlation func-

tion, beam separation, time per channel, and tha rw data for each run

T i R .. b A e s e

e Ak
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?, i with the computed speed, as well as cup anemomater wind spead and
Eg g diraction.
;; % The current size of ndcroproceassor memory allows the data from 90
é‘ E correlator experimental runs to be stored, Many more runs could be 1
E? % accomplished if the raw data were not preserved for print-out, and only E
2 ‘ computed speed and cup anemometer speed and direction were stored. 2
ﬂf At present, the telatype presents a bottleneck because of its slow :
E? bit transfer rata, It takes approximately 45 minutes to print 90 g
g; experimental runs. lowaever, an advantage of using the microprocessor is ;
Ei‘ that it is not restricted in the I/0 devices that can be attached to it. i
éii In the future, data might be transferred to magnetic tape for later ;
. analyeis on a larga computer. Also, the microproczessor program may be j
\ changed easily to implement other data analysis techniques.
"

Experimental arrangement

i The exporimental arrangement utilized in the outdoor fiald measure-
1
1 ments 1s 1llustrated in Fig. 4, The laser used is & water cooled

L]
: Spectra Phyaics Model 165 Argon-Ion laser operacted at 5145 A in light
|

— T,

control nmode., It is capable of at least 1.5 W power output at this

wavelength., The output of the laser is sent to a Malvern Model RF307

Beam Splitter. The total power output of the team gplitter is 72X of

the power into 1t. The power out is split 55X=45% into the two beams,.
The two beams from thae heam splitter are directed into the eyeplece

of the focussing taelescope in order to focus the two beuams at the sen-

ging volume, The beam separation D may be measured diractly at the

sensing volume. It has been found that this method {s not satisfactory

due to the large error praesent in measurement of a amall diastance, and due

to scintillation and beam wander. A more satisfactory method is to measure
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the interference pattern spacing G in front of the focussing teleacope,
and then detcrminez D from D = (R\)/G. This may bs used, since this
setup may be thought of as two beams divarging from the sensing volume
to form an interference pattern et the telescope. Then, if G is measured
in front of ths telascopa, the range R is the distance from the point of
measurement of G to the point of measurement at the sensing volume. The
point of measurement at the sensing volume is determined by placing e
vertical target, a piece of cardboard, centered with respact to the fan,
in the sensing volume. The fan 18 used not only as a support for the
target, but also as a wind generator when the natural wind is too small.,
The target is used also in visual alignment of the light collected
by the 8" Celestron Scmidt~Cassegrain Receiving Telescope into the 400~

um diameter aperture mounted in the Malvern RF300 shielded housing. The

4
!
4
v
:
i

light accepted by the aperture is collected by the ITT FW130 photo-
multipliar tube (PMT) with $=20 photocathode mounted in the RF300
housing, The received light from the telescope is de”ocussed to a
doughnut shape on the front of the aperture, The telescope horizontal
and vartilcal controla are used to position the doughnut of light around
the apertura., The tripod horizontal and vertical controls are used to
maintain the doughnut shape of the received light., In the vicinity of
the aperture, undar proper adjustment, both sets of controls have the
same positional effect on the light, The 1light is then focussed into
the apaertura.

After vigpual alignment 18 accomplisned, then the electronic align-

ment is accomplished utilizing the digital ratemeter. The photomultiplier

cathode voltage is increased until counts above background raegister on

the ratemeter. The tripod controls, which are finer adjustments than
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the telescope control, are then adjusted for maximum count rate on the

ratemater. This process must be done at low laser power because the

reflectivity of the cardboard target is quite high, Lack of care in

+.
'
-
. e Y

this raspect may result in the FPMT "burning out'. After thia adjustment

is accomplished, the PMT cathode voltege is reduced to zero, and the

™ ~ w—
i w -.A.;.:;:v.r ‘}"‘:‘ ST ST e

cardboard targst is removed from the sensing volume.
If the fan is to be used, the conventional cup anemometer is placed

in the laser beam, the fan turned on, and the cup anamometer speed

racorded. Then, tha cup anemometer is moved out of the heam to its
axperimental posicion and its spaed is recorded again. From these
measurements, a scale factor may be computed to obtain sensing volume
fan wind speeds with the cup anamomater out of the sensing volume,

Either natural asrosols or sesded aerosols may be used. The seeded

aerosols are water particles genserated by a humidifier or by a spray

bottlae,
If natural wind and aarosols are to be used, the fan is moved away,
but the anemometer vane ig oriented sv that zero degrees direction

coincides with the laser beam's direction.

With the receiving telescope adjusted, the ancmometer set up, and |

the program entered into the microprocessor, tha anemometer wind vael-

ocity is measured to compute an approximate time per sample to set into

the Malvern K7023 digital correlator. With this uccomplished, geveral
manual runs are done to observe if any correlations can be observad. If
8o, tha appropriate information is input to the microprocessor and
control given to the microprocesaor. During the microprocessor runs,
the correlaticn function can be observed on an oscilloscope, and cup ;

anemometer speed and direction observed on the anemometer electronics

digital readout,
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Field tests: data/system evaluation

The evaluation of the Laser Time-of~-Flight Velocimeter (LTV)
utilizing photon counting with clipped digital autocorrelation analysis
was accomplished by comparing the wind velocity computed from the cor-
relation function to the wind velocity computed from a conventional cup
anemometer, This was accomplished indoors utilizing natural room par-
ticulates and fan generated wind. In the field (outdoors), three con-
ditions were utilized: natural particulates with fan ganerated wind,
seaded aerosol from a humidifier with fen generated wind, and natural
particulatea with natural wind.

The systam works quite reliably indoors. The agresment and con-
sistency batwean the measurement of cup anemometer and the LIV is
excellent, The quality of measured correlation functions as shown in

Fig, 1 is also excellent.

The outdoor measurements of wind velocity were obtained at the

Christman Field facility of Colorado State University, using the setup

in Fig. 4, This setup has been described previously.
The range R selected for thase measurements was 25 to 27 meters :
with a separation angle a of approximately 17°., The laser power measurad
st the sensing volume ranged from 27 mW to 56 mW, Background light {into
the photomultiplier tube (PMT) and the dark counts of the tube yielded

4=-10 counta/sec. at a PMT cathoda voltage of 1600 V, and 35-50 counts/sac.

at 1800 V.

The natural aerosol, fan generated wind condition was attempted
firet. Representative data is presented in Table 2. Tha atmosphere was
relatively calm that night, which is desirable when the fan is used,

The laser power measured at the sensing volume was 52 mW. The beam

separation was 1500 & 100 um. The data in Table 2 showa relatively good
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Table 2, Comparison of Cup Anemometer Velocity and Average LTV
Correlator Velocity for Natural Particles and Fan Genarated

Wind
Cup Anemometer Average LTV Correlator Number of Dats Points in
Velocity (m/s) Velocity (m/s) LTV Average Velocity
9.0 £ 0,5 8.64 £ 0,52 10
8.5 £ 0.5 8.47 * 0,60 23
8.0 £ 0,5 8.27 + 0.38 29
7.5 £ 0.3 8.70 + 0.14 3

>

.‘&
g,
{
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agreement between the cup anemometer and the LTV correlator, except for
}% ’ a cup anemometer velocity of 7.3 t 0.5 m/s where only 3 data points are
‘s i available.
The error of :0.5 m/s in the cup anemometer velocity ia based on a
; digitizing error of tl MPH in the cup anemometer electronics. The error
in the average LTV correlator velocity from propagaticn of errors7 based
e ; on error in beam separation was found to be 0.34 m/s which is less than

the standard deviat:ionl8 found, except for the slowest velocity of the

cup anemometer.

Because of recurring rains and the naecessity for several days to a
veek of dry weather to obtain sufficient natural aercsols, the measure-
*1 ment using seoadad 1aerosol and fan generated wind conditions was attempted
next. Representative data is shown in Table 3 and representative cor-
relation functions are shown in Fig. 5.

The laser power measured at the sensing volume was 41 mW, The beam

| separation was 1225 £ 63 uym, The particles were gensrated by a humid~

ifier directed into the rear opening of the fan. 1
; The data in Table 3 shows relatively poor agreement betwaen the cup
anemometer and the LTV correlator., Other experiments run uuder these

same conditions produce the same or worse results, The error in the

average LTV correlator velocities is thae standard deviation. In all
1 cases the standard deviation i{s greater than the error introduced by the %

: propagation error based on the arror in the beam separation.
| Saveral reasons may be advanced for the al lisagreement, VFirst,

the conventional cup anemometar is designed for a large scale wind

blowing on all the cups. In this experiment, the cup ancmometer was

placed such that the fan-generated wind blew on one cup only at a time,
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Comparison of Cup Anemometer Velocity and Average LTV Cor=-

Table 3 .
relator Valocity for Seedad Aerosol and Fan Generated Wind

Number of Data

[rovesy

e

Cup Anemometer Average LTV Correlator Points in LTV Propagation

Valocity (m/s) Velocity (m/s) Average Velocity Error
9.2 = 0.5 6.76 £ 0,46 8 $0.12
8.7 t 0.5 6.28 + 0,35 9 0,11
7.6 £ 0.5 5.96 * 0.20 4 0,15

Shiddliadele 6 iesead
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since the area of the fan opening is soc small, This would register a
larger wind speed by the cup anemometer than actually generated by the
fan. Second, the natural wind could vector add to the fan-generated
wind to change the effuctive wind to the cup anemometer. If sufficiently
large, the natural wind could change the direction of the particles
through the beam from perpendicular to the beam.

Comparing the correlation functions in Fig. 5 generated by the
seeded merosvl, fan generated condition to the correlation functione in
Fig. 6 generated by the natural aerosol, natural wind condition (to be
discussed later), it is found that the seeded correlation functions are
noisier and more ambiguous than natural aerosol correlation functions.
This ie caused by the large background of small particles in the humid-
ifier generated particles, Note that this shows that multiparticle cor=-
relation functions are generally noisier and more ambiguous than asingle
particle correlacion functions.

Due to the poor results obtained with seeded aserocsol, fan-generated
wind, and the absence of rain for several weeks following the previous
experiment, the natural aerosol and natural wind condition was attempted.
Representative data is prescnted in Table 4 and representative correla-
tion functions are shown in Fig. 6.

The laser power measured at the sensing volume ranged from 46 nW to
50 mW. The beam separation was approximately 1.15 mm, The cathode
voltage of the FMT was 1900 volts.

The data in Table 4 shows excellent agreement between the cup
anemometar and the LTV correlator. Other experiments run under similar

conditions show this agreement, as long as the natural wind is not too

slow and/or as long as the wind direction is not nearly parallel with

v
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Table 4, Comparison of Cup Anemometer Velocity and Average LTV Corre-
lator Velocity for Natural Aerosol and Natural Wind

Cup Average LTV Number Data Sensing
Anemometer Correlator Points in Beam Volume
Valocity Velocity LTV Average Propsgation Separation Power

(n/8) (m/8) Velocity Error (um) (mW)
1,34 £ 0.5 1.17 = 0.12 9 10.01 1141 * 25 50
1,32 £+ 0.5 1.32  0.32 7 10,02 1141 t 25 30

0.86 £+ 0.5 0.81 £ Q.11 $0.01 1170 + 33 47

[« - TR ¥ ]

0.43 t 0.5 0.53 £ 0,11 10.004 1141 £ 25 46
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3 the lagser beams. Due to the mass of the cup anemometer and digitizing
Eﬂ error in the cup anemometer slactronics, wind speeds of 1 MPH (0.45 m/s)
g; or less are considered to be too slow., This would tend to guggest that

the last entry in Table 4 should not be made. Howaver, a steady wind
was blowing at the time, The data indicate that the anemometer reading

was & true reading.

Refarring to Fig. 6, note that tha corraelation functions for the

RN e e

natural aerosol with natural wind are relatively noise-free and unam-

ey e
(1 e =TT L T PR 8 A A T SR T LAY
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biguous. The correlation functions of Fig. 6b and 6 occurred in the

same microprocessor series of 60 experimental runs only one second apart,

ERCAE
e a1

The laser power at the sensing volume was 43 mW. The cathode voltage of

the PMT was 1900 V. The beam separation wam 1141 % 23 um. The cor-

[

relation function of Fig, 6b appears to be a single particle correlation

R |

function, while the correlation function of Fig. 6c appears Lo be multi-

particle. Although the total counts for the experimental runs are

similar, the multiparticle correlation function, Fig. 6¢c, has nearly

twice the clip counts of the single particle correlation function, Fig.

T M T ST T e

6b. Further investigation into single particle and multiparticle cor-

relation functions will need to be made to dataermine if the clip count
could indeed be used as an indicator in thia connection.

In summary, the best experimental condition for agreement between

;
w i the cup anemometer and the LTV 1s, to our satisfaction, natural astrnsol
and natural wind.
- The seeded aarosnl and fan generated wind condition suffers from
systematic errors in the use of the cup anemometer and in particle
generation. The correlation functions obtained are poor compared to

those obtainad with natural aercoscl and natural wind. For tne seeded

VR Y S P ST
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aerosol, fan generated wind condition to work, a truly single particle
generator will be required. Other conventional anemometers should be
invastigated to determine their suitability in this research.

The standard deviation of the average LTV correlator velocity in
Tablas 2, 3, and 4 saems large at first until one realizes that the cup
anemometer measures wind speed over & time period of 3 seconds whereas
the LTV correlator measuras wind speed over a time period of several
millisaconds or less. Essentially, the cup anemometar measures average
wind velocity whereas tha LTV correlator measuras instantaneous velocity.
This suggests that the LTV correlation technique can provide more
detailed information, and that the LTV correlator is a better instrument

for measuring atmospheric wind than a& conventional anemometer.
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b % IVv. A Method for Measuring Atmospheric Turbulence
A}
.j’ y Because of atmospheric turbulence, the focussed laser beams may
}fj ] breathe and wander. Therefore, the size of the focussed beams and their
"i; E separation may change from time to time. Since both laser beams in LTV
| operation propagate through the same atmosphere, it is expected that the
ii % two beams will wander together leaving their beam separation unchanged. !
fi This, however, should be tested experimentally. A linear diode array as ,F
1

described below can be triggered at a preset time interval to probe the
size and the separation of the laser beams at a time scale comparable to
the time-of-flight of a traversing particle in question., This way the

effect of atmospheric turbulence on the laser beams at a time scale of a

few milliseconds can ba determined.

The linear photodiode array, a Reticon Corporation RL=128G array,
:L. is composad of a row of silicon photodiodes, each of which is 15 um wide

by 26 um high with 10 um between photodiodes. Each photodiode has an

_——— e — ==

c associated storage capacitor on which photocurrent is integrated, and a

multiplex switch for periodic readout by way of an integrated shift

regleter scanning circuit., Low noise photocurrent pulses ara provided
by reading out a row of dummy diodes and storage capacitors differ-
entially with the photodiodes to cancel multiplex switching transients,
. _ The differential outputs from the RL-128G linear photodiode array
1 are sent tn the Reticon RC30l current amplifier, and clock and counter,
circult board. The current amplifier, composed of discreet elements,
provides a pulse output relative to “he photocurrent stored by each

| photodiode. Consideration will be given to replacing the discreet dif-

ferential amplifier with an integrated differential amplifier to take
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advantage of the lower nolse characteristics of the integrated
differential amplifier. The clock and counter circuit consisets of an

adjustable frequency clock and & programmable counter from 1 to 4096

o3 i LRSI TEV MRS - S

counts. The countar countrols the start pulse to the photodiode array
ig; multiplex readout switch, and thus the interval between atart pulses or

the total time between line scans, is adjustable. The photodiode to

photodiode sampling rate is the clock fraquency which is adjustable to

P e et g G 1

"‘A
Fa—a Ny

a maximum rate of 1 MHz., Due to the possibility of integrated dark

current at slower line scanning rates, the maximum real time between

start pulses ehould not exceed 30 milliseconds.

The output pulses from the current amplifisr are sent to a peak

-
[P VL PP Gy

detector. The peak detactor output voltage is sent to an Analog Devices

AD7374BD 8 bit microprocessor compatible analog to digital converter for

———

Y e

conversion to a digital number. These digital numbers are stored in the

i S L

microprocessor memory. This process is repeatad for as many swaeps as

R needed, or until the microprocessor memory is filled.

' The data stored in the microprocessor will be analyzed to determine
beam wander, beam sapsration changes, and beam diameter changes.
Although time did not permit us to interface the diode array with the
microprocessor, nor did we perform field tests, the responsa of the
array to laser beams has been observed.
';f : Z Preliminary results in the lab show the need for the integratad

1 | differential amplifier to reduce noise. In the lab, with the short path i
length, and lack of large scale wind and atmospheric turbulence present
in outdoors, the beam separation and diameter was constant, and the
beams did not wander. This was accomplished by obsarving the current
) amplifier output pulses from the RCIOL board on an oscilloscope, We

believe that such field experiments using a linear array in this manner,
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will produce understanding of the effects of atmospheric turbulence

on the performance of LTV for longer ranges.
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v. Cenclusions

We have demonstrated that atmospheric wind speeds can indeed bs
measured with photon bursts scattered from single dust particles., 1If

photon counting elactronics and clipped digital correlation are used for

L g T Ty ¢ TR L AR Y TR TREP VIR

signal analysis, an unambiguous speed measurament can be made with a

§ TR T T s e

detected signal as low as ten counts under practical conditions, 1i.e.,

R e R

in the presence of noise. Probability density of photon counts can be

PR

measured with the same set-up, and the distribution of atmospheric

s

aerosols may then be investigated., Among other things, such investiga-

ity T
. - L___ "o .

tebh o

tion yields agreement in the performance of speed measurements, coen-

r

firming the theory of single-particle scattering and burst correlation

TP e

for atmospheric wind spaed measurements,

———— S

L

A microprocessor is used to run the LIV measuremants automatically.

T maT

Data from boch LTV and s conventional cup anemomaeter are taken and

analyzed by the microprocessor. The whola automated system worked quite

. = e

satisfactorily, and ylelded agreements between the LTV and the cup

i anemometer. The potential of the LTV lies in its high speed for data
acquisition and short measurement time, typically in the order of milli-
saconds per measurement. !

| In the field test of this automated LTV system, wa have conducted

3 1 ; speed measurements with both natural aerosols and with seeding of water
droplets from a humidifier, To our satisfaction, we obtained better

performance without seediny.

1 E In short, with the research of this project, we have demonstrated

‘ beyond doubt the principle of single-particle scattering for remote

speed measurements and also demoustrated the practical uses of LTV under

realistic field conditions.
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Individual particle scattering and single-burst digital
correlation for remote atmospheric wind measurementst
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Abstract. Remote moasurements of atmospheric winds by scattering from
natural aerosols with a low-power continuous-wave laser have been impressively
demonstrated in recent yeara. Much of the success may be attributed to the use of
photon ¢aunting in connection with digital correlation techniques and to the
realization of the cnncept which probes individual dust particles. The techniques
and requirements for single-burst digital correlation measurements are distinctly
different from those of the usual correlation expuriment in which the statistical
average over an appreciable period of times is taken. ‘These unique differences, as
well us the natures of single- and multiple-particle scattering, are discussed.
Together with experimental results, this paper presents the unique charac-
teristics of single-burst digital correlation and the methods for applying them to
atmospheric wind-speed measurements,

1. Introduction

In recent years, there has been a great deal of interest in using the technigues of
luser back-scattering, to make single-ended, remote meavurements of atmospheric
vinds in real time, in investigations of the structure and dyramics of the lower
atmosphere. Unlike Lot-wire or cup anemometers, the laser probe is virtually non-
invasive; it can probe very small volumes and reach locations not easily accessible to
conventional techniques. Most laser techniques, such as heterodyne laser Doppler
velocimetry [1], mono-static lidar [2] or transit-time lidar [3], depend on the
presence of many particles within the acattering volume for a signal. Basically, the
two lidar techniques make ume of back-scattering of laser pulses from large
inhomogeneities in the wind-borne particulate densities. Generally, such methods
require high-power pulse lasers and are able to reach distances of up to neveral
kilometers; however, they use long measurciment times and are limited by poor
spatial resolution.

Although it is desirable to use a low-power lase: and simple equipment for
atmospheric sensing, techniques for transverse wind speed measurements utilizing
continuous-wave lasers have been largely neglected. To some extent this is due to
predictions which suggested that the dual-beam laser Doppler velocimeter (LLDV,
the most common transverse technique) was inefficient and not useful at ranges
much beyond 2m for a 1 W argon-ion laser source and not more than 10 m with a
multi-watt CO, laser. This sort of performance, if true, is nnt very encouraging.

Before we started our remote sensing programme in summer 1974, 1, DV systems
had long been established as u nearly perturbation-free, speed measurement tools
with relatively good spatial resolution in the laboratory. However, to the author's

+ This work was supported in part by the Office of Naval Research and monitored by the
Optical Rediation Branch of Naval Rerearch Laboratory, Washington, D.C,, U.S.A.
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knowledge, only one experiment to measure remote atmospheric wind measure-
ments in the field, using 2 visible wavelength LDV, has been reported in the
literature. In that experiment, aerosol scattering in the forward direction [4] was
used to provide the velocity signal; it was therefore not a single-ended measurement.
By recognizing the fact that the random positions of scatterers in the interference
fringe system of an LDV may degrade the velocity signal [5], we designed our system
to detect individual particles for wind-speed measurements [6). This method of
single-particle correlation, or single-burst digital correlation, led to a successful
atmospheric wind measurement at a range of 60 m using a continuous-wave laser at
5145 A with only 0:35 W of power. We have also developed performance criteria and
proposed the rate of unambiguous speed measurements as the figure of merit for the
field experiment. Judging from our experimental results at that time, this figure of
merit provided a more meaningful and more accurate evaluation of the system
performance than the usual signal-to-noise consideration (8§, 7].

More recently, we have developed a new technique of single-particle correlation
for measuring the apeed of a cross-wind by determining the time of flight of an
aerosol particle across two closely spaced, approximately parallel beams (8). This
new laser time-of-flight velocimeter (L'T'V) suffers less atmospheric effects and
requires no coherence between the two beams. As a result, single-ended speed
measurements of unseeded atmospheric wind at a range of 100m using a 0:2 W laser
power at a rate of 18~ ! have been successfully made. On a different night, the same
measurement rate was achieved at a range of 50 m with only 0:015 W of laser power.
Very recently, the method of single-particle cross-correlation has also been
successfully used to meanure the time of flight of individual aerosols in a daytime
operation (9]

It is evident that the initial successes in the remote measurement of atmospheric
winds by aerosol scattering, using a low-power, continuous-wave laser, are the
results of probing individual dust particles and of using photon-counting and single-
burst digital correlation (or single-purticle correlation) for signal analysis. Thesc
concepts have not been discussed in detail in the literature. During the past several
years, it has become clear to the author that the differences between single- and
multiple-purticale scattering are not generally appreciated; neither are the nature
and requirements for single-burst correlation clearly or widely understood by
scientists and engineers concerned with remote sensing. Therefore, in this puper, the
differences between single- and multiple-scattering and the associated signul
strength for wind-speed measurements are discussed tirst. The nature of single-
burst digital correlation and the methods for its .ffective applicutiun are then
described. Finally, the usefulness of single-particle scattering und single-burst
digital corrclation, as well as some of their limitations in remote sensing ot the
atmosphere, are presented.

2. Single-particle scattering versus multiple-particle scattering

Perhups the simplest way to appreciate the differences between single- and
multiple-particle scattering is to consider several hypothetical situstions of light
scattered trom dust purticles, us depicted in figure 1. Four different combinations of
dust particle ure shown to traverse u sct of inteference fringes on the left and two
illuminated luser beanmis on the right. Case A consists of many smull particles which
scatter un almost conatant inteneity of light at all times. 'T'he sniall intensity varation
detected in this case is the result of Huctuations of Poisson statistics. As cun be seen in
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Figure 1. The nature of scattered intensity due to (a) many small particles, (8) one signal
particle, (c) five signal particles added constructively and (d) 25 randomly distributed
signal particles.

case A, the collective scattering from many small particles yields no useful speed
information. 1f a single particle big enough to yield a burst of light sufficient for a
speed eignal (we shall call it a signal particle) to traverse the interference fringes
and/or the two illuminated beams, the detected scattering intensity maps out the
intensity profii= of the viewing volume and provides the information necessary for
the wind-speed measurement. As shown in case B in figure 1, the scattered intensity
is much leas than the detected background light of case A, but ita temporal variation
contains the desied speed information. A physically very unlikely case is case C, in
which five signal particles are aligned in parallel to the interference fringes and are
traversing the viewing volume together. This is very desirable because the
~ontributions of these particles add constructively to produce a five fold increase in
thy intensity variation for speed measurements, ‘The small Huctuations in intensities
w .8 B and C are again statistical. In case D, 25 randomly distributed signal
particles are assumed to traverse the scattering volume. The background light ia 25§
times more intense than that due to one large particle and the variation in intensity
which contains the velocity information is much less than 25 times as strong due to
destructive interferences resuiting from the random positions of these scatterers. As
these particles traverse the two illuminated beams, the scattered intensity burstsare
much wider, resulting in u partial wash-out of speed information. It is apparent that
the signal-to-noise ratio resulting from the 25 big scatterers is no better than that due
to a single signal particle of comparable size. In fact, as the number of scatterers
continue to increase, the visibility of the interference fringes and illuminated beam
profiles, as measured by scattered light, would be washed out and the desired speed
information no longer contained in the detected light intensity. Therefore the signal
for a spred measurement is best provided by the scattering of a large single particle.
Contrary to common beliets, overabundance of aveilable scutterers can in fact hinder
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the remote velocity measurements. This is especially true for atmospheric measure-
ments because the instantaneous wind speed changes from one instant to the next,
and time-averaging does not enhance the desired speed signal.

One wonders, perhaps, whether a single aerosol particle could in fact scatter
enough light for speed measurements. A simple calculation would suggest that a
particle a few micrometers in size will scatter enough photons to yield an
unambiguous digital correlation for wind-speed measurementsa. For simplicity, let
us consider a particle 2 um in diameter which back-scatters light froma 01 W, 0:5 cm
diameter laser beam at a distance of 20m from the detector. The back-scattering
differential cross-section {10] is approxxmltely 0-2r® where 7 is the radius of the
particle. Since the laser intensity ia 0-5S W/cm?, the differential back-scattered power
would be (0-5)(0-2) (1 x 10™4)? = 1.0 x 10~? W/ar. With a 20 cm diameter receiving
telescope, the detection solid angle is 785 x 10~? sr. For a laser at 5145 A and a
photomultiplier tube with 20 per cent quantum efficiency, the detected photon rate
is calculated to be 4 x 10¢ countu per second. If the particle's transverse velacity is
100 cmy/s, it stays in the 0:S cm beam for $ ms, giving rise to a total detection of 200
photons. This is quite adequate for obtaining a single-burst digital correlation to
determine wind speed. In practice, motre than (-1 W of power could be used to
enhance the desired single-particle signal for measurements at longer ranges.

3. Properties of single-burst digital correlation

When the signal is weak, the process of correlation can be used to discriminate
against noise, 80 enhancing the detectable signal. Because noise fluctuations are
uncorrelated, averaging over a longer period of time usually helps a weak signal to
accumulate and grow. However, for non-stationary processes, such s the motion of
particulate matter in the atmosphere with the instantaneous velocity changing from
time to time, the usual technique of time integration does not help the enhancement
of the desired correlation signal. As described earlier, under such conditions it is best
to take advantage of individual particle scattering and complete the correlation
function from the photon bursts of a single event, giving rise to what might be called
a single-burst digital correlation. An example of such a computation is shown in
figure 2. Here, the scattered signal photon counts are the result of a single dust
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Figure 2. An example of the operation of single-clipped digital correlation.
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particle traversing two beamas of light. The signal shown in this example is very weak,
yielding only one or two counts in a sample time. If the stray light noise can be made
i negligible, thesingle-burst digital correlation is seen to give a maximum of six counts
i : over the uncorrelated background; the correlation function is thus a definite
‘ irnprovement over the original signal. In practice, there is noise in addition to the
_ desired signal. 1f the signal strength is comparable with or greater than that of noise,
: the technique of clipping can be used to advantage. The clipping level is then set ;
: above the average noise background and :the survival counts should then reflect .
mostly the behaviour of the desired signal. ]
Some examples of single-burat correlation functions are shown in figures 3 and 4.
These are correlation functions obtained from field measurements of atmospheric
winds at a range of 20 m. Figures 3 and 4 correspond to LDV and LTV arrangements
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Figure 3. ‘T'wo L.DV correlation functions obtained from a field experiment at a range of
20m with 0-:2'W laser power, and a correlator setting of 20 s per channel and a

. clipping level of B.
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Figure 4. ‘T'wo L'TV correlation functions obtained from a field experiment ut 8 range of
20m with 03 W laser power, und s correlator setting of 30 s per channel and
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respectively. These single-burst correlation functions were obtained by turning the
correlator on and off. An oscilloscope was used to monitor and display the measured
correlation functions. Immediately after the correlator was turned on, no correlated
signal was observed on the oscilloscone for, typically, a fraction of a second (ke exact
time depends on luser pu v und n-vasurement range). As a signal particle, i.e. a
particle big enough t+ ;iv+ unambiguous speed information, moved across the
viewing volume, 8 cur~zh.tion function was suddenly recorded in about 1 ma,
dependihg on the spec. uf the moving particle. T'he corrrlator was then turned off
and reset for the ne : , .easurement.

The fact that the tield data such as those shown in figures 3 and 4 correspond to
burat of mignal resulting from, primarily, a single signal particle traversing the
viewing volume, has been demonstrated previously [6, 8] by noting that accumu-
lation of the signals from several consecutive particles hud led to a washing-out of the
wind-speed data. T'o make this point more clear, the detected scattering intensities
and the corresponding correlation functions due to a single particle and two closely

“spaced particles traeraing a set of interference fringes are compared in figure S.
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Figure 8. A comparison of the correlation tunctions resulting from the scattering of .o
single particle and () two particles in an LDV arrangement.

When u single particle traverses the intensity fringes, the scottered intensity /(1)
shows maximal visibility and the minima in the correlation function occur at the
same count level. When two out-of-step particles traverse the tringes at the same
time, the scattered intensity shows much less visibility und the count level of the
correlation minima decreases us the carrelation time increases. By compuring the
prediction of figure § to the LIV field data of figure 3, it is apparent that the top
correlution spectrum in Agure 3 is due to a single dust particle, while the bottom
spectrum may result from two particles together. Figure 6 shows the prediction of
the acattered intennities and correlation functions resulting from one and two
particles traversing two illuminated beamas. As expected, the minimum between the
two humps in the correlation function dips to the background level when a single
particle traverses the two beama, However, when there are two particles together,
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Figure 6. A comparison of the correlation functions resulting from the scattering of (¢) o
single purticle and (4) two particles in an LT’V arrangement,

not only is the minimum between humpe somewhat higher, butalso the width of the
humpe in the correlation function broadena. Again, the predictions depicted in
figure 6 agree with the observed 1.'1'V feld data shown in Rgure 4.

4, Methods for obtaining a single-burst correlation function
To further illustrate the application of single-burst digital correlation for wind-
speed m-nsurements and to explore the nature of signal counts ussociuted with this
type of ¢ periment, an LDV system was set up to measure simulated winda in the
laboratoiy ‘I'wo laser beams at 5145 A are crossed to produce a set of intensity
fringes \with a fringe apacing of approximately 200 um, and the natural dust particlesa
in the vaom were blow n ucross them by a fan. ‘I'o minimize the stray light, several
bufles were pluced beoween the scattering volume and the photodetector. T'he
correlator was turned on until u single-burst correlation function was observed on
the monitoring oscilloacope, when the correlator was reset for the next experiment.
Sble | gives the results of three consecutive speed measurements, The hirat four
cii. cels, (M), 01, 02 and 03, are counters giving reapectively the total signal counts,
the total clipped counts, zero, and the total number of samples taken during the
experiment. ‘I'he 02 channel gives the signal counts of another input; it therefore
registers zero for autocorrelation experiments. Channels 04 to 51 give the measured
single-clipped correlation counts for 48 delay channels [11]. Using theae counts, the
correlation functions for the wind-speed measurements are plotted in figure 7. It is
evident from theae graphs that particles of different sizes can be used for wind-speed
meusurements. Since the dust particles are blown by an electric fan, the wind speed
in question is expected to be nearly constant. This is indeed the cuse, us shown in
figure 7. "I'he strength (or counts) of the measured correlation depends on the size of
the scattering particle. ‘T'he correlation shown in figure 7 (¢) has 20 times as many
counts as compared to that shown in figure 7 (a). ‘I'he measured speed shown in
figure 7(c) in slightly slower, indicating perhaps that the larger particle cannot
faithfully follow the How.
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Table 1. Currelation counts for three conaecutive measurements.
Channel . .
marker Correlation counts

00 5185 6 0 142804 15
08 27 20 1 7 2
10 4 14 24 8 22
18 16 1 8 k| 0
20 3 8 13 13 9

(a) 25 6 t 1] 0 1
30 2 3 5 L 7
kH] 7 7 4 1 1
40 1 2 i 2 $
45 6 6 4 2 2
L0 i 1
] 7149 24 0 197913 114
08 91 64 41 Fi} 30
10 46 66 98 14 106
1% 92 64 40 24 21
20 i 56 80 79 78

» 28 76 57 40 21 14
30 19 38 47 57 66
38 54 8 30 14 10
40 9 17 27 3 44
43 33 32 19 12 H
50 k] ]
00 10114 49 1) 270418 766
08 670 887 480 467 506
10 S8 698 783 743 639
18 516 426 36t 178 443
20 516 610 $94 527 429

(r) 28 316 261 218 288 361
30 408 422 399 323 280
18 160 18y 160 202 244
40 253 243 220 158 113
45 87 104 121 128 |58

§0 153 141

Itis interesting to note that the sverage count per channel (or per sumple t11.c) for
the data given in table 1 is about the same, 0036, 0-036 and 0037 respectivel- :or the
three consecutive messurements, although the correlation strengths are quite
different for the three runs. Because the average count persample time wus much less
thun the clipping level (set at 4), most of the random background Ructuations due to
acattering from small particles or retections from optical components were clipped
out, The fact that the correlation levels vary by a factor of 20 without affecting the
average count per channel indicates thut the particle whose speed is being messured
traverses the viewing volume only for a short time. This indeed agrees with
abservation, and with the expectation of single-burst carrelation. The data shown in
ti-ure 7 {a) and table 1 (a) have only six clipped counts in a total of 142 804 samples,
wih -h means that the useful signal counts exceeded the clipping level of 4 less than
tix t s in over 140000 samples. Of the six samples, one or two might possibly
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Figure 7. ‘T'hree consecutive, single-burat digital correlation functions resulting from
different-sized signal particles traversing a set of intenaity fringes in an LDV seteup
with 01 W laser power, and a correlutor setting of 50 a8 per channel und a clipping
level of 4.

result from noise Huctuations that occasionally exceed the clipping level, vet this is
enough to produce a distinct correlation function for speed measurenmient, us shown
in figure 7(a). Although the last two oscillations in figure 7 (@) may have been
“atorted by the presence of random noise, the first three provided uccurate readings
I, ind-speed determination. The sensitivity of the method of singlue-burst
correlation for speed mensurements is evidently excellent, as expected.
An alternative method may be used to carry out these mewsurements. ‘I'he
correlator could be turned on for a preset time interval which is sho ter than the
particle's time of transit across the intensity fringes. [ a particle happena to traverse !
the viewing volume during this time, un unambiguous windspeed signal is recorded.
However, during many tries there will be no signal particle traversing the scuttering
volume, so no useful correlation function can be recorded. ‘The frequency of
successful speed measurements thus depends on the availability of signal particles.
In order to determine the preset measurement time, the experimental conditions
need to be examined. The fringe spacing of the experimental sct-up used previously
was approximately 200 gm and the transverse dimension of the viewing volume wans
about (-4 cm. Since the cime per sample of the correlator was set ut 50 s per channel, ‘
the measured wind speed from data shown in tigure 7 was approximately 40cem s, »
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‘I'he time a particle took to crosa the viewing volume was calculated to be 10”2 g or
i 200 samples. If the measurement time was prenet ut :08 s, or a total of 1000 samples,
L- it was found that on average one out of five tries yielded adequate correlation
functions from which the desired wind speed could be determined. If the
meuasurement time was set for 100 sumples while keeping other experimental
conditions unchanged, the average frequency for successful measurements becarne
approximately 1 in 80, us expected. Although the measurement time, §x 107 %,
is leas than the beam crossing time, the particle during the measurement could have
traversed several fringes to permit a succeasful determination of the desired wind
speed. When signal particles ure available, the measurement time needed to carry out
single-burst correlation is indeed very small; it took only S ms for the above example.

When operating a digital correlator with such a short measurement time (e.g. 100
samples), as required in aingle-burst digital correlation, certain precautions should
be taken. Firstly, the shift register in the correlator should be reset to zero before an
experiment, otherwise the digits left over in the shift register from an earlier
measurement will affect the result of the new one. "I'he shift register does not reset
sutomatically in some commercial correlators, in which case u null experiment muet
be made to clear out the digits in the shift register between measurements. Secondly,
if the input signal level is consistently higher thin the clipping level set, a
monotonically decreasing correlation function will result. By practising the oper-
ation of single-burst digital correlation, one quickly learns how to cope with the
situation and to prevent these mishaps from occuring. "'hese precautions are not
necessary in a normal correlation experiment [12] when the svatistical average in
tuken over u much longer time,

b §. Discussion
T T'he techniques of single-burst digital correlation (or single- particle correlation)
| huve been used effectively to measure atmospheric wind speeds [6,8,9]. The

S sensitivity achievable with single-burst correlation upprouches the level of 4 few
A detected photons. Asa result, instuntuncous atmospheric wind speeda could eanily be
LI measured at v range of up to 100 m at this point by using a low-power, continuous-
L wave laser (ubout 022 W), T'he extension of the proven techniques to measure the
[

i mstantancoun wind velocity vector should be straightforward.
"I'he fuct that the methods ot single-burst digital correlation depend on the arriv-
ot individual signal particles has been proved experimentally und theoretically. '
, unumbiguous rate for wind-speed measurements has been shown to agree w.... the :
' concentration of available signal particles [6, 8], und the measured power ani runge :
dependences of the measurement rate has been shown to ggree with the measured ]
distribution of signal particles [13] under the same atmospheric conditions. 1 this ;
paper, the difference between individual- (or single-) particle scattering and
multiple-particle scattering has been discussed. Experiments in the laboratory have 4
vielded correlation functions that not only agree with the shape of the theoretically
predicted vingle-burst correlation functions, but also produce the expected be-
haviour and sensitivity of signal and noise for a single scuttering event. Direct ‘
measurementa with preset measurement times as short an $ ma, which isshorter than ‘
I the tranait rime of the signal particle in guestion, huve proved bevond doubt that the i
: muensured single-burst correlation is indeed the result of w single scattermg event and
that no time integration is involved in these experiments.
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As the range of measurement increases, the acattered power from a signal particle
will of course decrease, and more laser power must then be used. Qur theoretical
analysis and experimental results have suggested that only 6 W of laser power is
needed if single-ended wind-speed measurements at one per second at a range of
1 km is desired [8, 13). In addition to power limitations, atmospheric turbulence,
which prevents the laser beam from focusing, also imposes some limitations on the
ultimate success of the single-burst correlation technique. As the following
discussion shows, the turbulence effects are of concern only at ranges greater than
1000 m.

Most of the turbulent effects can be described by two range-dependent limiting
diameters, r5T for long-term (refractive) effects and r3' for short-term (diffractive)
effects (14, 15]. A laser beam therefore wanders through an angle of 4/r5™ on longer
‘exposures’ due to large<scale inhomogeneities and spreads (or breathes) through an
angle of 4/}’ on short-term ‘exposures’ due to small-scale inhomogeneities. The
magnitudes of 7o (rkT and r3T) depend on the range, R, and the wavelength, A. Fora
Kolmogorov structure of turbulence with a given refractive-index structure
purameter, C2, the limiting diameter r, scales with range and wavelength as

A73Rrd S mconstant or rox A%* RS,

At a range of 15km, Ochs end Lawrence [16]) have measured the davtime beam
wander and beam spread of a He-Ne laser (Aw 06328 um) to be 400 and 100 urad
reapectively, This means that the short-term limiting diameter at a range of 15km
for @ He-Ne laser is r} w0:6328/100 = 6'3 mm. Scaled to the ranges and argon-ion
laser wavelength (A= 05414 um), the turbulence parameters as a function of range
are summarized in table 2, in which d* ir the diffracted spot diameter due to
atmospheric turbulence and d is the diffraction<limited spot size for a 10cm
teluscope without atmospheric effects. Since we are measuring the speed of a single
dust particle, the measurement time is typically less than 1 mas in the field; the long-
term turbulence effects reported in the literature, such as beam wander, cannot even
take place before the measurement is over. Assuming that the short-term turbulence
is of importance, the spot diameter can still be focused to 2em at 1 km, which is
ndequate for both [.DV und 1 T'V measurements. Measurements up to 2 km are still
pussible, although the performance would not be us good as predicted. It ia not clear
what typee of short-term effect are most significant for measurements within 1 ms,
If, for typical paths and wind velocities, the temporal-frequency spectra [17] ure
below S00Hz [18], the atmosphere, at a time-scale less than 1ims. could he
considered as frozen blobs of refractive-index inhomogeneities. In this casc, the only
c¢ffect of turbulence that would degrade the performance of single-particle [.DV and
1.1’V is the diffraction effects by inhomogeneous refractive indices. 'he effective d 3

Table 2. The dismeters of focused beam size under atmonapheric turbulence.

R 5y d% d
100m 108 cm 08%4mm  (-S4mm
S00m 41em 659 mm  270mm

10 m 26 em 203 cm &40 cm

2000m 1:7 ¢m 638 cm 1-08 em
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would probably be smaller than those listed in table 2. Due to the saturation effect of
atmospheric turbulence [19], the temporal and spatial fluctuations at long ranges
should in fuct be slower and weaker than are predicted without saturation. The
performance should abviously be further improved if a near-infra-red laser is used.

T'o gain some idea of the validity of the above analysis of atmospheric turbulence,
we look for interference intensity fringes at a range of 1 km. We have observed high-
contrast interference fringes produced by unfocused beamas, covering an arca several
centimeters in diameter, which were stable enough for 1.DV measurements.
Likewise, in order to establish the accuracy of the ‘turbulent’ spot dinmeter &*7
discussed above, we carried out a field experiment one afternoon to observe the spot
sizes of an LTV net-up. Ata range ol 450 m, the diameter of our focused laser spots
was between 6 and 7 mm, in ugreement with the data given in table 2. The two laser
spotsof our [TV system wander at a slow rate (several seconds) over a small distance
(less than 0-Scm). Due to the fact that they are propagated through an identicul
atmonphere, the two apots wander, not independently, but in unison, It appears that
atmospheric turbulence should not impose limitations on the single-burst corre-
lation techniques within a range of 1 km.

In summary, the characteristics of single-burst digital correlation have been
presented and the methodr. for obtaining the associated correlation functions have
been discussed und demonstrated experimentally. All the theoretical predictionsand
expectations have been confirmed by our experimental results. Considerations of
some limiting factors, including the effect of atmospheric turbulence, and investig-
ations of previous experimental reaults, led to the conclusion that our single-particle
1.DV and L.T'V are not only the result of individual particle scattering but ure also
capable of measuring utmospheric wind speeds up to a range of 1 km using a low-
power, contintious-wave laser,

In den letzten Juhren gab ea vindrucksvolle Demonstrationen von Fernmeasutgen an
atmosphirischen Winden durch Streuung un natiirlichen Aerorolen mit leistunguechwachen
Dauerstrichlusern. Viele dieser ISrfolge kinnen der Anwendung von Photonenzithlern in
Verbindung mit digitulen Korrelutionsverfuhren zugeordnet werden, sowae der Verwirkliche
ung des Konzepts zum Nuchweis einzelner Staubportikel, ‘I'echnik und Vornussetzungen der
digitalen Photonenkorrelation aind grundsitzlich verschieden vom dblichen Korreelationaver-
fahren, bei dem statistische Mittel Uber erhubliche Zeitintervalle beatimme werden. Diene
vindeutigen Unterachiede nle such die Natur der Einzelpoartikelstreuung und der Mot
partikelntreuung werden dikutiert. Neben experimentellen Ergehnmsen prisentiert die vor-
livgende Arbuit die cinzigartigen Charakteristikn der Photonenkorrelntion wowie deren
Anwendung zur Messung utmosphilrincher Windgeschwindigkeiten,
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